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I n t r o d u c t i o n
In an earlier paper (Chalmers 1940) a technique was described by means of which a crystal boundary could be formed in tin between two crystals with predetermined orientations. Attention was drawn to two phenomena which had not a t th a t time been fully investigated. I t was pointed out th a t if the orientations of the two crystals were not symmetrical with respect to the direction of growth of the crystals, the boundary tended to deviate from this direction. I t was also pointed out th a t many of the crystals showed a secondary structure referred to as 'macro-mosaic'. In the present paper an analysis has been made of the conditions governing the direction* of growth of the crystal boundary in tin and in lead, and some further observations on the ' macro-mosaic ' in these metals are recorded. In addition, the possibility of growing crystal boundaries in chosen directions has been used as the basis for a preliminary investigation of the relative energies of boundaries between crystals with different orientations and of the movement of crystal boundaries under conditions in which the reduction of area of the boundary is the controlling factor.
Some crystal-boundary phenomena in metals 2 . T e c h n i q u e
The techniques used in the present work are a development of those described in the paper referred to above. The metal (tin of 99-986 % purity or lead of 99-999 % purity) is melted in a horizonal boat and cooled from one end, at which a seed crystal has previously been inserted. I t is necessary th at fusion of part of the seed crystal should take place; it is convenient to attach cooling fins to the seed crystal in order th at it should not be melted completely. If a boundary between two crystals is required, two seeds of the appropriate orientations are used. The arrangement is illustrated diagrammatically in figure 1. Heating is by a coil of a few turns of nichrome strip loosely surrounding the boat. The coil is moved longitudinally and the boat remains stationary. The rate at which the coil is moved can be controlled, and this determines the rate at which the crystals are formed. The rate of growth of the crystals may be observed from time marks produced at appropriate intervals by agitating the surface of the liquid metal. This causes a ripple to be produced which is frozen in a t the instantaneous position of the solid-liquid interface. The direction and position of the interface can be observed subsequently from these marks.
The conditions for the growth of single crystals were not critical, and no special temperature control or'voltage stabilization was required; single crystals were grown at rates as great as 2 cm./min., and the only condition appears to be th at the solid-liquid interface should remain reasonably flat.
The direction of the isothermals can be controlled by suitable positioning of the heating coil, which may be placed alongside instead of round the boat. The effect of doing so is shown in figure 2, plate 1, from which it is seen that the crystal boundary makes a constant angle with the isothermal time marks. In this example, the time marks were at half-minute intervals.
For some of the experiments it was desired to produce a crystal of one orientation between two parts of a second crystal of another orientation. The procedure in this case is to start with a single seed crystal which is grown round an island in the boat. The second seed crystal is introduced where the two parts of the original crystal rejoin. This technique is referred to as ' central seeding ', and is illustrated in figure 3 .
A simple extension of the same technique allows three crystals to be grown side by side.
The crystal boundaries formed by these methods are always approximately perpendicular to the free surface of the metal. 3. E x p e r i m e n t a l r e s u l t s a n d d i s c u s s i o n Since four distinct phenomena have been studied, it is convenient'to describe and discuss the experimental results under the following headings: (a) direction of boundary formation, (6) macro-mosaic, (c) boundary migration, (d) angles between boundaries at their junctions.
Direction of boundary formation
I t had been observed previously th at it is only in special cases th a t the boundary between two crystals is formed in a plane th a t is perpendicular to the isothermals, i.e. parallel to the direction of growth of the crystals. This occurs when the two crystals are so related th at the axes of one may be made to coincide with those of the other by rotation about the specimen axis, i.e. when a plane perpendicular to the specimen axis has the same crystallographic indices when referred to each of the two crystals. When the relationship is such th a t the two crystals are not similarly oriented with respect to the specimen axis, the boundary is formed a t an angle, denoted by < j >, to the axis of the specimen (see figure 1 ). The variation of f) w relative orientations of the two crystals has been examined for tin in the case in which one of the crystals has its c-axis perpendicular to the specimen axis in the plane of the specimen. The orientation of the second crystal is th a t which would be obtained by rotation of the first crystal through an angle 6 about a line in the plane of the specimen perpendicular to the specimen axis. For values of Q other than zero, (f> , as shown in figure 1, is positive if the c-axis of crystal 1 (figure 1) is per pendicular to the plane of the diagram, and the c-axis of crystal 2 is inclined to this direction by an angle 6. I t was found th at <f increases with , the maximum value of being about 45°, corresponding to 6 -90°. The d has not been investigated. Qualitatively similar conclusions have been reached with lead, although no quantitative results have been obtained.
The explanation tentatively advanced when the phenomenon of inclined boundary growth was first noticed (Chalmers 1940) was in terms of the differing thermal conductivities of the two crystals in the relevant direction. I t has now been shown th a t this hypothesis is untenable both for tin and for lead by the following experi ments; since the crystal lattice of tin has fourfold symmetry about the c-axis the thermal conductivity is equal in all directions in planes containing the a and b .directions. Accordingly, bicrystals were grown in which the c-axis was perpendicular to the plane of the specimen for both crystals while the a-and 6-axes were parallel and perpendicular to the specimen axis in one crystal and inclined a t 45° in the other. The boundary was found to slope into the crystal which had its a-and 6-axes a t 45° to the specimen axis. I t is therefore clear th at a difference in thermal con ductivity cannot be a necessary condition for inclined boundary growth. In the case of lead, which has a cubic structure, there cannot be any difference of thermal conductivity in different directions; the proposed explanation cannot, therefore, be supported. Further experiments were made to determine whether the solidliquid interface was continuous from one crystal to the other. The interface th at exists at a given moment can be preserved for detailed examination by rapidly tilting the ' boat ' so th at the liquid metal runs away from the interface. Such inter faces were examined, and it was found th at there is always a ' step ' where an inclined boundary meets the interface. The direction of the ' step ' is shown diagrammatically in figure 4. An estimate has been made of the height of the step in the case of tin; in the extreme case {6 = 90°) the height is about 0*01 mm., while in the case in which both crystals have their c-axes perpendicular to the specimen, and the a-and 6-axes vary by 45°, the height is of the order of 0-001 mm. The height of the 'step' was estimated from measurement of the width of the shadow cast by the ' step ' under extremely oblique illumination.
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Figure 4
The existence of such a step is regarded as accounting for the inclined growth of the boundary, since any accretion on the face PQ of figure 4 would cause the crystal A to encroach on the crystal B.
I t is therefore necessary to account for the existence of the ' step ', which has been shown to occur even when the thermal conductivities of the two crystals are identical in the plane of the specimen. I t follows th at the whole of the solid-liquid interface cannot be at the same temperature, since the interface is discontinuous as regards slope. The growing surfaces of the two crystals are therefore at different tem peratures. This may be due either to different amounts of supercooling being neces sary to cause accretion on them at the common rate of growth imposed by external conditions, or it may be due to an actual difference in the temperature at which solid and liquid are in equilibrium. In the former case, there should be no ' step ' in the solid-liquid interface while melting is taking place or while the interface is stationary; if the latter hypothesis is true, there should be a 'step' whether melting or freezing is taking place. It was found in numerous experiments that a 'step ' is present if the liquid is decanted during melting or when the interface is stationary. I t is indistinguishable both in direction and in size from that observed during solidification. It is therefore concluded that there is a difference between the tern-peratures of equilibrium of the two crystals with the liquid. This may be accounted for either as a variation of melting-point as a function of the crystallographic orientation of the exposed face, or as a difference in the inherent melting-points of the two crystals. The latter possibility was suggested by Mott (1948) , who also suggested the following experiment as a method of distinguishing between the two possibilities. Since the 'step ' appears during melting as well as during freezing, it is possible for melting to take place with the isothermal surface inclined to the direction it had during solidification. If the 'step' is a result of a difference between the melting-points of the crystals-as such, then it should not be affected by an alteration in the direction of the isothermal; on the other hand, if the crystallographic character istics of the solid-liquid interface are the controlling factor, then the ' step ' should change its direction if the direction of the interface is suitably altered. Experiments on these lines showed conclusively th at the direction of the ' step ' formed during melting depends on the relative crystal orientations of the interfaces during melting and not by the conditions under which the crystals were formed.
I t follows that the temperature of equilibrium between a crystal and the liquid varies with the crystallographic orientation of the interface, and may be different for different faces of the same crystal.
Two phenomena of interest in connexion with the solidification of metals may be accounted for in terms of this effect. In the first place, it has been shown by Northcott (1937 Northcott ( , 1938 N orthcott & Thomas 1939 ) th a t preferred orientations exist in the columnar zone of ingots of copper and of zinc. The columnar zone is a region in which the crystals grow with an advancing solid-liquid interface. I t is to be expected th at the inclination of the boundary between crystals of different orientations would cause the less favourably oriented crystals to grow for a short distance only before being suppressed by the inclined growth of their more favourably oriented neighbours.
Secondly, the process of dendritic growth of crystals is difficult to account for unless a mechanism is introduced which explains the tendency of the crystal to grow in specific directions rather than in the direction of movement of the general isothermal surfaces. The condition for dendritic growth would then be th a t the temperature gradient is less than a critical value; this value is such th at a 'growing point' with a surface having a raised melting-point would influence the local directions of the isothermals; the greater thermal conductivity of the solid than of the liquid is also an essential factor, since the 'growing point' projecting into the liquid must be cooler than the liquid surrounding it. If the temperature gradient is too great, a 'growing point' would rapidly reach a region where its temperature would exceed its melting-point, where it would be suppressed.
I t is possible to estimate the magnitude of the difference of the melting-points of two crystal faces from the temperature gradient in the metal and the height of the step. In a typical example with tin the temperature gradient near the solid-liquid interface was about 1° C/mm. Combining this figure with the estimated height of the step of 0-001 mm., it was found th a t the temperature difference is of the order of 0-001° C. I t should therefore be possible, under sufficiently precise temperature control, to maintain a crystal in the liquid metal so th a t some faces are freezing while others are melting. The numerical estimates suggest, however, th a t these conditions would be difficult to obtain.
If an attem pt is made to interpret these results in crystallographic terms, it seems that the interface temperature is higher for closer packing of atoms on the exposed face.
Thermodynamically, the melting-point may be looked upon as the temperature at which the free energy per atom in the liquid is equal to th at of the solid with which it is in contact. I t follows th at the free energy per atom a t the surface of a tin crystal is a function of the crystallographic characteristics of the face concerned. A corollary is th at the latent heat of fusion also depends on the crystallographic characteristics of the face concerned, since the energy change required when an atom originally in the interior of the solid is converted to liquid at a given temperature must be independent of the crystal face through which it passes. Since the specific heats of solid and liquid are not the same, a difference in latent heat must also exist.
As the melting-point may be regarded as the temperature at which the free-energy curves for solid and liquid intersect, it may also be considered that, at temperatures below the melting-point, there will at any moment be some atoms with energies characteristic of the liquid state, while some atoms in the liquid will, even above the melting-point, have energies corresponding to the solid state.
I t is considered, therefore, th a t two competing processes occur at temperatures near the melting-point, namely, the escape of atoms from the solid lattice and the capture of atoms by the lattice. Both these processes may be presumed to occur both above and below the melting-point, which is the temperature at which the two processes occur at equal rates. Atoms which escape from the solid below this tem perature are free to move about on the surface or to evaporate, while above the melting-point the reverse tendency results in the formation of temporary clusters or aggregates, which are responsible for short-range order phenomena. The rate of each of the two processes will be controlled by an activation energy; and since the rates are equal at only one temperature, the temperature variations, and therefore the activation energies of the two processes, must be different. The 'melting' process, which predominates at higher temperatures, must vary more rapidly with temperature and so must have a higher activation energy. This consideration shows th at the two processes are physically distinct, and it may be inferred th at the 'melting' process involves a higher degree of 'co-operation' than the 'freezing' process. I t follows that the geometrical relationships of the neighbouring atoms are of more significance in determining the probability of escape of atoms from the solid than for the inverse process; it is therefore suggested th at it is the melting process rather than the freezing process which depends upon the crystallographic character istics of the solid face.
If these considerations are related to the experimental results quoted previously, it may be inferred th at the energy required for an atom to escape from the lattice is greater for more closely packed faces than for those with more open packing.
The experiments of Andrade & Martindale (1935) on the crystallization of films of gold and silver suggest an explanation of the difference in freezing-points. They found that (111) faces tend to develop in preference to other faces; th at is to say, it is more difficult to add atom's to the (111) face than to other faces. I t is to be expected, therefore, th at a lower temperature would be necessary to cause liquid atoms to freeze on to such a surface than on to other surfaces. Andrade & Martindale proposed an explanation of this phenomenon, based on Kossel's (1927 Kossel's ( , 1928 treatm ent of an idealized case of a simple cubic lattice. The theory is based on considerations of the energy changes that occur when an atom is added to a crystal. The total change of energy is fixed, but the portion of this energy which is involved if the atom is required to start a new plane of atoms depends upon which plane is to be started. From a simple analysis based on the number and distance of the neighbouring atoms, it was shown th at more energy is required for an atom to start a new (111) plane than a new (100) or (110) plane.
The corresponding analysis in the case of tin would be more complex, and it is doubtful whether the simplification inherent in the theory of Andrade & Martindale would be permissible for the much less symmetrical tin lattice; but the theory does suggest a physical reason for a variation of melting-point with crystallographic characteristics.
It has been demonstrated previously (Chalmers 1940) that, in the case of tin, the boundary has a melting-point lower by 0-14° C than the crystal's. I t follows that, in addition to the ' step ' at the solid-liquid interface, there must also be a groove of a depth of about 0-14 mm., but of a width equal to the thickness of the boundary. If, as is generally supposed, this thickness is not more than a few atomic diameters, such a groove would not be observable.
Macro-mosaic
The 'macro-mosaic' effect has not been fully investigated, but the following observations, which were made on specimens prepared for the other experiments described in this paper, throw some light on the structures observed. Most of the crystals both of tin and of lead reveal bands approximately 1 mm. wide running along the length of the specimen; the orientations of the bands are such th a t one may be transformed to another by a rotation of axes about the specimen axis by about 1°. The structure of the ' single crystal ' is therefore a fibre structure, since the com ponent parts have a common axis. The depth of these regions of fixed orientation is about equal to their width, and the whole bulk of the material is made up of ' bars ' of these lateral dimensions generally running the whole length of the specimen. I t has further been established th at the boundaries between the bands behave in a manner generally similar to ordinary crystal boundaries, in so far as their direction is controlled by thermal and not by crystallographic conditions. The boundaries between the bands are, in nearly all cases, perpendicular to the isothermals, as would be expected from their relative orientations.
The origin of this effect has not been explained, but it may be significant th at the structure does not appear in the region within about a centimetre of a sloping boundary, in the part of the crystal th at grows from the boundary along the direction of growth. They begin to appear after about a centimetre of crystal has formed. The spacing and other characteristics are not influenced by the rate of advance of the solid-liquid interface.
Boundary migration
I t is well known th at crystal boundaries move during the process of grain growth. The conditions necessary for this to occur are th at the metal must have been pre viously deformed, and it is reasonable to believe th at the boundary moves so th a t a crystal with a lower free energy grows a t the expense of one that, as a result of plastic strain, has higher free energy. The generally accepted fact th a t no boundary movement occurs in ' as cast ' structures supports this view.
If, however, the boundary itself possesses free energy, it should tend towards a minimum area. In order to test this hypothesis, experiments were carried out in which the boundary could decrease in area as a result of migration, without any other energy changes taking place. Since tin is not isotropic with respect to thermal expansion, it is necessary to arrange the specimen so th at no stresses are introduced during heating or cooling, as such stresses could produce plastic strains which would vitiate the results. Accordingly, specimens were prepared with the c-axes of the two crystals similarly oriented, with respect to the axis and plane of the specimen. The 'central seeding' technique was used, the central crystal having its a-and 6-axes at 45° to the specimen axis while the outer crystal had these axes along and per pendicular to the specimen axis. A specimen of this type is shown diagrammatieally in figure 3. When such a specimen is held a t a sufficiently high temperature, move ment of the boundary occurs in the expected direction, namely, th at which results in a reduction of the area of the boundary. The boundary moves into the inner crystal, the curvature of the tip remaining reasonably uniform. The rate of movement of the boundary can be determined from the positions of the tip after various times. I t is found th at movement proceeds regularly for considerable periods, but th at it eventually stops ; although the geometry of the system has apparently not changed, movement may restart spontaneously if the specimen is held at the appropriate temperature for sufficient time.
I t is to be expected th at the abnormal lattice spacings that occur a t crystal boundaries will allow foreign atoms to fit in there more easily than in the lattice of the crystals, especially if the difference in atomic diameter is large. Thus it is probable that the concentration of such atoms will be greater at the boundaries than elsewhere. It is unlikely th at the boundary will be able to migrate faster than the atoms associated with it.
It is possible that the observed slowing down of boundary movement is due to the accumulation of an abnormally high concentration of impurity atoms from +he region swept by the boundary; further movement may be delayed until the concentration has reached its equilibrium value by diffusion of the excess atoms.
Equilibrium angles between boundaries
In the case in which a boundary can move in such a way th at its area is reduced, the activation energy of the process by which the movement occurs could in principle be calculated from experimental data. The actual energy per unit area of the boundary cannot, however, be deduced.
It is possible, nevertheless, to examine the relative energies of different boundaries by measuring the equilibrium angles between three boundaries at the fine where they meet. I t is of interest to determine whether the energy of a boundary depends on the relative orientation of the two crystals between which it is formed.
By virtue of the fact th at the direction of formation of a boundary depends on the relative orientations of the two crystals, it is possible to produce boundaries between three crystals of predetermined orientations, and to cause the three boun daries to meet. Numerous experiments on tin were carried out in this way; in some the relation between the axes of crystals and Q (figure 5) was th at of a fibre structure obtained by rotating the c-axis through small angles (minimum value about 2°) about the specimen axis. In others the rotation was about two axes. These examples represent the case where the PQ boundary had a much smaller difference of orientation than the P R and QR boundaries. In other cases the differences of orientation across the three boundaries were more nearly equal. The specimens were examined microscopically, and the results may be considered under two headings: (a) as prepared, and (6) after heating.
(а) The angles between the three boundaries were always between 105° and 135° as far as could be judged, in view of the fact th at the boundaries near the common point were often curved. This curvature can be regarded as evidence th a t some approach to equilibrium had taken place after the formation of the boundaries, as they should be straight when formed, and a t angles determined by the directions of boundary formation and not by their relative energies.
(б) I t is known from the work described in the previous section th a t the boundaries have considerable mobility a t temperatures near the melting-point. Specimens were therefore subjected to a temperature about 10° C below the melting-point for periods of 24 hr. and then re-examined. In all cases the angles between the boundaries were within one degree of 120°. This is interpreted to mean th a t the minimum energy condition is satisfied when the three angles are equal; th at is to say, the specific energies of the three boundaries are in all cases equal.
There is some evidence th at this result does not apply to the case of a twin boundary meeting an ordinary boundary. I t has not been possible so far to produce such specimens under closely controlled conditions, but several specimens have been examined in which the necessary conditions have arisen by chance. I t is apparent from such specimens th at the twin boundary has a finite specific energy which is probably of the order of one-tenth of th at of the ordinary boundary.
Although it has been concluded th at all boundaries in tin, except twin boundaries, have the same specific free energy, there are, nevertheless, differences in properties between different boundaries, and these differences appear to be related to the relative orientations of the crystals. I t has been observed in many of the specimens th at some boundaries etch very much more deeply than others, although no general relationship has been found between this property and the orientation; similar observations have been reported in connexion with other metals (Forsyth, King, Metcalfe & Chalmers 1946) , from which it was concluded th at the amount of precipitation and the extent of thermal etching are influenced by the relative orientations of the two crystals and the boundary.
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